A large variety of ultrafast phenomena including electronic motion in atoms, molecules, condense matter and plasmas, dynamic electron-electron correlations, charge migration, ultrafast dissociation and reaction processes occur on the few-fs to attosecond temporal scale. Attosecond (asec) pulses [1] provide access to these temporal regimes in different states of matter [2][3][4][5][6]. Non-linear (NL) XUV processes, constitute the ideal tool for the study such dynamics. Attosecond pulse trains [7][8][9] reached intensities sufficient to induce two-XUV-photon processes [10][11][12] [13] [14] . However, isolated asec pulses, requisite for XUV-pump-XUV-probe experiments, have not so far attained the required parameters for an observable two-XUV-photon process. As a consequence asec pulse metrology and time domain applications have been widely based on infrared (IR)-XUV cross-correlations approaches entail assumptions for the analysis [15] .
packet are very different, pulse duration and wave packet dynamics are imprinted in different regions of the measured trace.
The intense XUV radiation is generated by frequency up-conversion of many cycle high peak power laser fields interacting with an atomic target. To obtain the XUV continua the technique of the Interferometric Polarization Gating (IPG) [16, 17] is applied. Since the laser used is not carrier-envelope phase (CEP) stabilized, only a fraction of the laser shots, generate pure XUV continuum spectra and thus single pulses [18] . Pulses with CEP far from π/2 generate modulated spectra [16, 18] resulting in waveforms with a more or less resolved double peak structure. The discussion to follow will be confined to pure continua. Possible modifications of the results arising from the shot to shot CEP variation will be further considered separately.
The experimental set up used is shown in Fig. 1a . 38 fs long Ti:Sapph pulses enter an IPG device (see supplementary information (SI)). The ellipticity modulated output pulses interact with a Xenon gas jet producing the XUV radiation. The radiation transmitted through a Sn filter spans the spectral range 50-80 nm (Fig. 1b) .
The XUV radiation is focused into a second gas jet (He or Xe) by a bisected spherical mirror acting also as a wave-front splitter. Translation of one mirror half produces two mutually delayed pulses with variable delay. Two-XUV-photon processes are observed in two different experiments. In the first, two photon ionization of He was verified by the dependence of the ion signal on the XUV intensity (see SI). In the second doubly ionized Xenon has been observed in the measured mass ion spectra (Fig. 1c) . For the given XUV spectral width Xe 2+ can only be produced through multi-XUV-photon absorption (Fig. 2) . The most pronounced possible channels are: I) two-photon direct double ionization (TPDDI) in which single XUV photon absorption is in the vicinity of a manifold of doubly excited autoionizing states (AIS), from where absorption of a second XUV-photon ejects two electrons that share the excess energy , and II) Single-XUV-photon ionization of Xe, followed by a single-XUV-photon ionization of the two fine structure levels of the ) ionization process [19, 20] . At the 1 fs pulse duration level the direct process becomes the strongest double ionization channel, verified experimentally in this work.
Using a sequence of two XUV pulses and varying the delay τ between them,
we are able to: a) measure their duration by means of a 2 nd order intensity volume autocorrelation (2 nd order IVAC), from the part of the trace in which the two pulses are overlapping and b) to induce, control and probe a fast evolving coherence in the structured continuum, evaluating the part of the trace where the two pulses are not overlapping. Here the first pulse (P1) induces the coherence, pumping a coherent superposition of the AIS manifold and ionic states. It also, partially doubly ionizes the atom ejecting part of the formed electron wave-packet. The second pulse (P2): 1) excites a replica of the wave-packet, which interferes with the evolved first one. Thus it controls the excitation by means of constructive or destructive interferences occurring at different frequencies. 2) Partially ionizes the wave-packet it excites and probes the evolution of the first excited wave-packet. The path involving excitation by P1 and double ionization by P2 is to our knowledge the first successful experimental implementation of an XUV-pump-XUV-probe sequence.
The measured trace is shown in Fig. 3a . The pronounced maximum around τ=0 is the 2 nd order IVAC trace. This is because contributions to this part is predominantly by the TPDDI channel (a) due to of the shortness of the pulse and (b) because only a small portion of the spectrum contributes to the sequential channel. A Gaussian distribution fit (Fig. 3b ) results a pulse duration of 1.5 fs. It is well known [16, 18] that due to the shot to shot CEP variation, the spectrum varies from pure to modulated continuum, which in the time domain translates to a variation between a clean single pulse and pulses with a double maxima structure. Thus the measured duration of 1.5
fs is the average of the duration of single pulses, most probably of sub-fs duration and twin maxima pulses with a peak separation half the laser period (1.33 fs).
Consequently the measured duration is The beating signal at delays > 5 fs, results from the XUV-pump-XUV-probe process of the atomic coherence. At the temporal resolution of the experiment high frequency Ramsey fringes corresponding to the excitation frequencies of each AIS are averaged out and the low frequency components of the evolution of the coherent superposition dominate the trace [21] . Contributions from modulations in the excitation process due to the two interfering wave-packets are not to be excluded [22, 23] . Fourier Transform (FT) of the traces reveals frequency differences of the excited states (Fig. 3c ). An assignment of the FT spectrum peaks is given in the SI. The most of the peak positions coincide, within the error, with those measured in ref. 5 , where the dynamics were observed at the autoionization process. Double peak structure of some XUV pulses, due to the variation of the CEP, modifies the exciting amplitude distribution and introduces in the trace components shifted by half the laser period, which only reduces the fringe contrast in the averaged trace.
In a similar study involving only bound states and IR fs pulses, a theoretical description is given in the weak field approximation [21] . At the present conditions, this approximation might not be valid, as ground state depletion and higher order couplings cannot be excluded. Since calculation of the relevant Xenon atomic structure is not tractable we present ab-initio time-dependent perturbative calculations of the appropriate order in Helium (see SI).
In summary, the present work establishes the era of XUV-pump-XUV-probe experiments at the 1fs temporal scale, along with the NL-XUV process based isolated attosecond pulse metrology. The rich and dense in structure investigated part of the spectrum signifies applicability of the approach to complex systems. In this sense the present proof of principle experiment opens up a new chapter in time domain studies of realistic complex systems, at ultra-high temporal resolution. "Extreme-ultraviolet pump-probe studies of one femtosecond scale electron dynamics" 
Experimental procedure and results
The experiment was performed utilizing a 10 Hz repetition rate Ti:sapphire laser system delivering pulses up to 170 mJ/pulse energy at τ L =38 fs duration and wavelength at 800 nm (IR). The experimental setup which is shown in Fig. 1a of the manuscript is also described in detail elsewhere [1, 2] . The laser beam was passing through a Double Mach-Zender Interferometric Polarization Gating (DMZ-IPG) device (IPG in Fig. 1a of the manuscript). The technique is complementary to other polarization gating methods based on the wave-plate scheme [3] [4] [5] , the two-color optical gating [6, 7] or the collective effects in XUV generation process [8, 9] . The DMZ-IPG output ellipticity modulated laser beam was focused with an f =3 m lens into a pulsed gas jet (GJ1 in Fig. 1a of the manuscript), filled with Xe where the XUV broadband coherent continuum radiation was generated. After the jet a Si plate was placed at Brewster's angle of 75° of the fundamental, reflecting the harmonics [10] toward the detection area, while substantially reducing the IR field. The XUV radiation after reflection from the Si plate passes through a 3 mm diameter aperture and a 150 nm thick Sn filter in order to select the central part of the beam, and the required spectral region with a central wavelength of ≈ 60 nm, while eliminates the residual part of the IR beam. Subsequently the XUV pulse was split in two halves and focused into the target gas jet (GJ2 in Fig. 1a The spectrum of the radiation used in the experiment is shown in Fig. 1b of the manuscript. It supports isolated pulses with duration as short as ≈ 420 asec. The energy of the reflected by the Si plate XUV radiation was measured to be ~100 nJ.
The intensity in the interaction region is estimated to be between 3. For each delay step 100 data points were accumulated.
The produced radiation is intense enough to induce a two-photon ionization. Lowestorder perturbation theory predicts an ionization law, from a bound initial state, as 
Assignment of the beating frequencies
The assignment of the peaks of Fig. 3c is shown in Table The calculated temporal trace of the helium double ionization
Helium is an up-scaled in energy ( Figure SI-3a) and of much simpler structure system with a similar behavior at higher frequencies than Xe. These calculations are meant to The red line corresponds to the total He 2+ yield. For overlapping pulses, at small delays, the pronounced feature is mainly due to the direct double ionization channel given field intensity and the frequencies (contained in the pulse) it be can easily shown that time-dependent perturbation theory is perfectly valid. The most general form of the time-dependent state of the system will be of the form: The electric field E(t) is taken to have maximum at photon frequency ω = 53 eV, with a Hanning-like temporal shape with bandwidth at FWHM of about 21 eV.
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